Abstract. The relevance of nanotechnology and more specifically nanoscience to cementitious materials is discussed. Some examples are given of the influence of nanosciences on our understanding of cementitious materials and its impact on the applications of these materials.
Introduction
In recent years notechnology has become THE buzz word. In this article I discuss the relevance of nanotechnology to cementitious materials -the most used materials on the planet.
To start with some definition -everyone now knows that nano means very small and more specifically phenomena in the range below 100 nm. We can be perhaps identify 3 main strands of nanotechnology:
1. Top-down approaches -seek to create smaller devices by using larger ones to direct their assembly. This applies mainly to technologies descended from conventional solid-state silicon methods for fabricating microprocessors, which are now capable of creating features smaller than 100 nm 2. Bottom-up approaches -seek to arrange smaller components into more complex assemblies. Sophisticated examples include the manipulation of base pairs to construct structures out of DNA, but extend to approaches from the field of "classical" chemical synthesis aimed at designing molecules with well-defined shape.
[1] 3. Nanoscience -the term nanotechnology is also used to refer simply to the study of materials at the nanoscale, usually referring to the use of advanced characterization techniques and atomistic or molecular level modeling.
Therefore it is clear that "nanotechnology" is becoming a catch all phrase to refer to studies which would previous have been considered as branches of chemistry of materials science. In this respect nanotechnology (strands 2 & 3) has an K.L. Scrivener Ecole Polytechnique Féderale de Lausanne, EPFL, Switzerland e-mail : karen.scrivener@epfl.ch enormous importance for cementitious materials; and while it is unrealistic to think of top-down approaches being applied to materials used in such large quantities it is likely that advances in nanotechnology related to sensing and information processing will also have a huge indirect impact on construction materials.
Before examining some aspects of nanoscience/nanotechnology it is useful to discuss the context in which cementitious materials are used.
Context of Cementitious Materials
Cementitious Materials (e.g. concrete) are by far and away the most used materials on the planet. This is not because their properties are intrinsically superior to other materials, but simply because they are cheap, low energy and readily available everywhere. When it is considered that the principal oxides present in cementCaO, SiO 2 , Al 2 O 3 , Fe 2 O 3 -constitute over 90% of the earth's crust it is clear, that solely from a consideration of available resources, they will continue to form the basis of our modern infrastructure.
Despite the fact that the intrinsic properties of concrete such as strength are relatively modest, compared to say steel, cementitious materials have the amazing ability to transform from a fluid suspension to a rigid solid, without any external input at room temperature. We take this for granted, but this process of hydration is very complex, involving tens of chemical species reacting through solution on time scales from seconds to decades and consequently many aspects are still not well understood.
Due to the complexity of reactions in cementitious materials, development to date has been largely based on an empirical approach at the macroscopic scale. The arrival of approaches from nanoscience has the potential to revolutionize this and enable the micro and nanoscale physico-chemical processes which govern macroscopic behavior to be understood and manipulated. Such a change in approach is essential to enable us to respond to the challenges of sustainability which confront us today. The press frequently characterizes cement production as one of the highest producers of CO 2 . The figures below indicate there is some justification for this. However, this is a direct consequence of the enormous volumes used and substituting cement with other construction materials would almost certainly make the situation worse, without considering that there are simply not sufficient amounts other material available to replace cement in its wide variety of functions.
Progress in Nanoscience of Cementitious Materials
The most notable example of progress in the nanoscience of cementitious material is our knowledge about the main hydrates phase in cement paste -calcium silicate hydrate, C-S-H. Due to lack of long range crystalline order, the structure of this phase is difficult to determine by conventional techniques such as X-ray diffraction. Over the last 25 years or so a very clear picture of the atomic level structure has emerged thanks notably to solid state nuclear magnetic resonance (NMR) [3, 4, 5] and transmission electron microscopy (TEM) [6, 7] . Furthermore, it is now possible to model this atomic structure and compute, for example, mechanical properties [8] , which show good agreement with experimental results. There are still many open questions on the arrangement of the C-S-H nanocrystals on the meso level and their related growth kinetics -projects within the Nanocem network (www.nanocem.org) discussed later are underway to try and answer these.
Atomic force microscopy (AFM), perhaps the core technique of nanotechnology, is also providing new insights about the reaction of cementitious materials. Figure 1 from the thesis of Helen di Murro [9] , shows distinct crystallographic edges on the surface of a reacting grain of tri-calcium silicate, C 3 S. 
Impact of Nanoscience on Technology of Cementitious Materials
Taking a broad definition of nanotechnology, there are already examples of its impact on the use of cementitious materials. Perhaps the most celebrated is that of the third generation suplasticizers. Early generations of cement dispersants were based on lignosulphonates or sulphonated melamine or naphthalene formaldehyde condensates. These are based on natural products, and there is little control of the basic chemical structure. The most important innovation in recent years has been the introduction of PCE (polycarboxylate ether)-based plasticisers and superplasticizers. The molecular structure of PCE polymers is a comb with a backbone and side branches. By manipulation of the relative lengths of the chain backbone and side branches and the density of the side branches (Figure 2, [10] ) the performance can be modified in relation to such concrete properties as workability, retention, cohesion and rate of strength development. The possibility of tailoring additives for specific purposes will likely be one of the most important sources of innovation for the future.
Fig. 2
Schematic illustration of the molecular structure of comb-type copolymers with a negatively charged polycarboxylate backbone with grafted polyethyleneoxide side chains of different lengths. From [10] These superplasticizers are now widely used in high performance and self consolidating concretes, which are the two main innovations in concrete technology in recent decades [11] .
Nanoparticles are an aspect of nanotechnology, which are often discussed in relation to cementitious materials. Indeed most current applications of nanotechnology are limited to the use of "first generation" passive nanomaterials which includes titanium dioxide in sunscreen, cosmetics and some food products [1] . One could imagine the use of nanoparticles as a way of extending the concept of particle packing and manipulation of particle size distribution, which lies behind the technology of ultra high performance concrete (e.g. Ductal®). In fact, silica fume, which may have particles as small as 100 nm, could already be considered a nanomaterial. However, as particles become smaller their relative surface increases, and already with silica fume it is necessary to add significant amounts of superplasticisers to ensure good fluidity. Furthermore, there are now serious questions being posed about the health and safety aspects of very small particles.
The addition of fine anatase, TiO 2 particles [12, 13] , to provide self cleaning properties is often cited as an example of nanotechnology. Anatase is photocatalytic, and through the absorption of sunlight has a string oxidizing power. This prevents the buildup of dirt and organic growth, preserving the clean appearance of the concrete for longer. This oxidizing power can also breakdown NOx and so contribute to reducing pollution.
Nowadays fibres are an essential part of ultra high performance concrete, which has led some researchers to investigate the addition of carbon nanotubes to concrete. Carbon nanotubes have extremely high intrinsic stiffness and strength [e.g. 14]. However their surfaces have very low friction, so it is very difficult for them to bind together or to matrix materials to realize these extraordinary properties on a macroscopic scale. This is a field of very active development, and the current obstacles of high cost and poor binding are likely to decrease in the future. At present, however, such materials are not practical as an addition to concrete.
The Future
It is clear that the impact of nanotechnology on cementitious materials is at present mainly at the research level. These advances in scientific understanding need to be transferred into the field. There is perhaps no more important area for this than in facilitating the introduction of new cements with reduced environmental impact. To date the main approach to reducing CO 2 emissions associated with cement production has been to replace Portland cement clinker with supplementary cementitious materials (SCMs), such as fine limestone, fly ash, slag, silica fume, etc. With our current approach to research on cementitious materials, this technology of substitution is reaching an asymptotic limit. We are lacking knowledge and tools to asses, the reactivity of new possible SCMs, the changes produced in the microstructure and their consequences for durability. Nanoscience can deliver important insights into mechanisms in concrete at the micro and nanolevel in order to provide new performance concepts to allow the use of a wider range of materials and to continue to lower CO 2 emissions per tonne of cement.
Such an effort requires close interaction between cementitious specialists and specialists from other branches and between the industry and academia. The formation of the Nanocem network in 2002, which now encompasses 15 major industrial companies with 24 academic groups in a self-financing structure, has taken the lead in such a pioneering approach. Major progress has already been made on providing a thermodynamic basis for predicting phase assemblages in Portland cement pastes, understanding interactions between superplasticizers and cement, elucidating the fine pore structure and determining the reactivity of SCM in blended systems.
